Azaspiracids (AZAs) are marine biotoxins that induce human illness following the consumption of contaminated shellfish. European Union regulation stipulates that only raw shellfish are tested, yet shellfish are often cooked prior to consumption. Analysis of raw and heat-treated mussels (Mytilus edulis) naturally contaminated with AZAs revealed significant differences (up to 4.6-fold) in AZA1-3 (1-3) and 6 (6) values due to heat-induced chemical conversions. Consistent with previous studies, high levels of 3 and 6 were detected in some samples that were otherwise below the limit of quantitation before heating. Relative to 1, in heat-treated mussels the average (n = 40) levels of 3 (range, 11-502%) and 6 (range, 3-170%) were 62 and 31%, respectively. AZA4 (4) (range, <1-27%), AZA5 (5) (range, 1-21%), and AZA8 (8) (range, 1-27%) were each ∼5%, whereas AZA7 (7), AZA9 (9), and AZA10 (10) (range, <1-8%) were each under 1.5%. Levels of 5, 10, AZA13 (13), and AZA15 (15) increased after heating, leading to the identification of novel carboxylated AZA precursors in raw shellfish extracts, which were shown by deuterium labeling to be precursors for 5, 10, 13, and 15.
INTRODUCTION

18
AZAs were first identified following a poisoning incident in which several people became ill in the
19
Netherlands after consuming mussels (Mytilus edulis) harvested off the West coast of Ireland. however, the concentrations required are two-fold those for cytotoxicity. The current regulatory limit 33 is in part based on intraperitoneal mouse studies performed following the initial isolation of 1-3.
2,3
34
These studies indicated that 2 and 3 were more toxic than 1 and toxic equivalent factors are applied 35 to results to reflect the difference in toxicity. 27 However, recent oral and intraperitoneal mouse 36 studies have contradicted these results showing that 1 is more toxic than 2 and 3. 28 Furthermore, an 37 oral mouse study on 6 was performed for the first time showing that it is slightly less toxic than 1. 28 
38
In vitro, the order of potency was 2 > 6 > 8  3 > 1 > 4  5 using the Jurkat T lymphocyte cell Studies, comparing the analysis of raw and cooked mussels, have shown significant differences in 42 concentrations. Levels of AZAs were found to increase 2-fold in tissues that were cooked due to loss 43 of water from the matrix. 29 A similar study also reported the same effect for the OA group toxins, 30 
44
while additional work on the OA group toxins reported significant increases (up to 150 %) which 45 could not be accounted for due to a concentration effect alone but was additionally due to increased 46 extraction of toxins following heat treatment. 31 Further studies on AZAs revealed that levels of 3, 4, 47 6 and 9 increased when samples were heat treated due to decarboxylation of AZA17, -21, -19 and -
48
23 respectively, 18 however the scale of these increases was not fully evaluated. Levels of the 37-
49
epimers of AZAs were also found to increase after application of heat, with levels increasing to as 50 much as 16% that of the parent analogue.
15
51
Here we evaluate the current regulatory methods used for the detection of AZAs in shellfish by 52 accurately quantitating and comparing the toxin profiles in both raw and heat treated mussels. We 
MATERIALS AND METHODS
57
Chemicals All solvents (pesticide analysis grade) were from Labscan (Dublin, Ireland as the reference compound. The cone voltage was 40 V, collision energy was 50 V, the cone and 106 desolvation gas flows were set at 100 and 1000 L/h, respectively, and the source temperature was 107 120 °C.
108
The column used was a 50 mm × 2.1 mm i.d., 1.7 µm, Acquity UPLC BEH C18 (Waters, Wexford,
109
Ireland), using the same mobile phase described in method A. The gradient was from 30-90% B
110
over 5 min at 0.3 mL/min, held for 0.5 min, and returned to the initial conditions and held for 1 min 111 to equilibrate the system. The injection volumes were 2 µL and 5 µL and the column and sample 112 temperatures were 25 °C and 6 °C, respectively.
113
Method C. Carboxylated precursors were monitored using the same instrument and UPLC conditions 
RESULTS AND DISCUSSION
118
Proportions of 1-10 in Raw and Heat Treated Mussels. To determine the relative importance of 119 1-10, raw shellfish contaminated with AZAs were heated to simulate cooking (with no water loss).
120
The analysis of cooked mussels most accurately reflects what is ingested by the consumer, and 121 additional differences have been reported between the analysis of raw and cooked shellfish (M. significant amounts in uncooked mussels. 18 Compounds 5 and 10 were proposed to be direct 125 bioconversion products of 3 and 6 respectively. 21,20 LC-MS showed that 1-3 (regulated) and 6 were 126 the predominant analogues in heat treated mussels (Table 1, Figure 2 ). There was huge variation in 127 the levels of the analogues 3−10 ( Figure 2 ), possibly due to differing rates of metabolism in the 128 mussels. Time of harvesting may also be significant as mussels harvested directly following an 129 intense bloom will likely have higher proportions of 1 and 2 than if they were harvested at some time
130
after the bloom (due to metabolism). The average levels (relative to 1) of 3 and 6 were 62% (range showed that metabolism of 1 and 2 to AZA17 and -19, respectively, was detectable after 3 h, with 136 levels of these metabolites increasing up to 2 days and then remaining constant to the end of the 137 experiment (4 days). Relative to 1, the proportions of AZA17 and -19 reached a maximum of 145%
138
and 55% respectively while the analogues 4, 5 and 7-10 accounted for ~ 58% in total. However, that 139 study was performed under laboratory conditions, and the high levels of AZA accumulation 140 observed in naturally contaminated mussels 33 was not replicated.
141
In a recent study, 6 was found to be 7-fold more cytotoxic than 1, 14 whereas a mouse oral dosing 142 study found it to be only slightly less toxic than 1. 28 Nonetheless, these results highlight the degree to 143 which AZA-toxicity can be underestimated in routine monitoring programs where uncooked 144 shellfish are tested. Previously, total levels of AZA analogues other than 1-3 were reported to 145 comprise less than 5%, 6 however this study indicates that the analogues 4-10 comprise on average 146 13% (ranging from 5% to 24%) of the total AZAs (1-10) in heat treated mussels. Further analysis of 147 AZA contaminated mussels using an ELISA method showed the total concentration of AZAs was 2 is more abundant than 1, 11,37−39 and the shellfish from these locations are therefore likely to contain 153 higher levels of 6, 9 and 10. In such circumstances, these analogues may have greater significance.
154
Identification of Novel Carboxylated Analogues. Previously 5 and 10 were suggested to be formed 155 via C-23 hydroxylation of 3 and 6, respectively. 21 In the present study, however, levels of 5 and 10 156 increased significantly after heat treatment (Figures 2 and 3 ). This suggested that 5 and 10 are, as 157 previously demonstrated for 3, 4, 6, and 9, 18 produced via heat-promoted decarboxylation of the 158 corresponding 22-carboxy-precursors (AZA44 and AZA45, respectively). In the heating process,
159
enzymes responsible for hydroxylation would have been destroyed, so it is unlikely that the observed 160 increase in 5 and 10 after heating were due to enzymatic hydroxylation of 3 and 6, respectively. To longer be detected in the extract, and there was a corresponding increase in the intensities of the 171 peaks corresponding to their 22-decarboxylation products (3, 6, 4, 9, 5, 10, 13 and 15, respectively).
172
Because this experiment was performed on filtered methanolic solutions, enzymatic catalysis is 173 unlikely to be directly involved in the transformation.
174
Accurate mass measurements (Table 2) were consistent with the proposed structures of AZA44-47.
175
The carboxylated and decarboxylated analogues displayed similar fragmentation patterns, with the 
195
In summary, analysis of heat-treated mussels from Ireland that were naturally contaminated with
196
AZAs revealed high levels of 3 and 6. These compounds were not present at significant levels in the 197 uncooked shellfish, highlighting the fact that AZA equivalent values for raw mussels can grossly cooking. 29 Levels of 4, 5 and 7-10 were generally low in Irish mussels, and did not contribute 201 significantly to overall toxicity, although the situation may be different for other shellfish species.
202
However, in areas where 2 is the predominant AZA analogue, 6, 9 and 10 will most likely have more 203 relevance than in Irish mussels. Not only do these results suggest that tissues should be heat-treated 204 prior to analysis, but also that 6 should be included in the regulations to more accurately reflect the 205 toxin profile to which shellfish consumers are exposed. Due to the huge variation in levels of the 206 decarboxylated analogues it is difficult to build in a safety factor that deals with these bioconversions to rejection by importing countries. Such amendments would warrant a review of the current 212 regulatory limit, which should consider the fact that no cases of human intoxications were reported 213 from mussels that were over the regulatory limit following heat treatment. 
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